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Weyl	fermions1	do	not	appear	in	nature	as	elementary	particles,	but	they	are	now	
found	 to	 exist	 as	 nodal	 points	 in	 the	 band	 structure	 of	 electronic2,	 3,	 4,	 5,	 6	 and	
classical	wave	crystals7,	8,	9,	10,	11,	12,	13,	14.	Novel	phenomena	such	as	Fermi	arcs3,	6,	15	
and	chiral	anomaly16	have	fueled	the	interest	of	these	topological	points	which	are	
frequently	perceived	as	monopoles	 in	momentum	space.	Here,	we	demonstrate	
that	generalized	Weyl	points	can	exist	in	a	parameter	space	and	we	report	the	first	
observation	 of	 such	 nodal	 points	 in	 one-dimensional	 photonic	 crystals	 in	 the	
optical	range.	The	reflection	phase	 inside	the	band	gap	of	a	 truncated	photonic	
crystal	exhibits	vortexes	in	the	parameter	space	where	the	Weyl	points	are	defined	
and	they	share	the	same	topological	charges	as	the	Weyl	points.	These	vortexes	
guarantee	 the	 existence	 of	 interface	 states,	 the	 trajectory	 of	 which	 can	 be	
understood	as	“Fermi	arcs”	emerging	from	the	Weyl	nodes.	
	
	 	
Great	efforts	have	been	devoted	to	investigate	the	intriguing	phenomena	associated	with	Weyl	
points1,	3,	4,	6,	16	,	such	as	the	Fermi	arc	surface	states15,	17	and	chiral	anomaly16	associated	with	
electronic	systems.	Besides	electronic	systems,	Weyl	points	have	also	been	found	in	photonic	
7,	10,	12,	13,	18,	19,	acoustic11	and	plasmon14	systems.	To-date,	Weyl	points	are	frequently	identified	
as	"momentum	space	magnetic	monopoles",	meaning	that	they	are	sources	or	sinks	of	Berry	
curvature	defined	in	the	momentum	space.	As	such,	Weyl	points	are	perceived	as	topological	
nodal	points	 in	3D	momentum	space	defined	by	Block	momentum	coordinates xk , yk 	 and	
zk 	.	 Here,	 we	 show	 that	 topological	 nodal	 points	 can	 also	 be	 meaningfully	 defined	 in	 a	
generalized	phase	space	in	which	some	of	the	dimensions	are	not	Bloch	momentum,	and	yet	
their	topological	characters	can	give	analogues	of	Fermi-arc-like	surface	states,	in	much	the	
same	way	as	ordinary	Weyl	points	defined	 in	3D	k-space.	We	will	use	photonic	 crystals	 to	
realize	the	ideas	of	generalized	Weyl	points	experimentally	in	the	optical	frequency	regime.	
We	 note	 that	 realizing	Weyl	 point	 phenomena	 in	 optical	 frequency	 is	 by	 itself	 as	 a	 great	
challenge,	as	Weyl	crystals	tend	to	be	structurally	complex	and	hence	difficult	to	fabricate	in	
optical	frequencies.	
	
The	Weyl	Hamiltonian	can	be	written	as	 ,
,
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H k v  20,	 	 where	 ,i jv ,	 ik 	 and	 j 	 with	
, ,i x y z 	 	 representing	 the	 group	 velocities,	 wave	 vectors	 and	 the	 Pauli	 matrices,	
respectively.	 Compared	 with	 two-dimensional	 (2D)	 Dirac	 points,	 Weyl	 points	 are	 stable	
against	perturbations	that	keep	the	wave	vectors	as	good	quantum	numbers7.	Each	Weyl	point	
has	its	associated	topological	charge	given	by	the	Chern	number	of	a	closed	surface	enclosing	
it5.	 	 Though	Weyl	points	are	usually	defined	in	3D	momentum	space,	Weyl	physics	have	been	
discussed	 in	synthetic	dimensions	very	recently21.	 Instead	of	using	all	three	components	of	
the	wave	vector,	synthetic	dimensions	can	be	used	to	replace	one	or	two	of	the	momentum	
components.	 Synthetic	 dimensions	 have	 attracted	 attention	 recently	 due	 to	 their	 ability	 to	
realize	physics	 in	higher	dimensions22,	23,	24,	25	and	to	simplify	experimental	design21.	As	we	
will	show	below,	such	generalizations	enable	the	investigation	of	Weyl	points	in	optical	regime	
while	 preserving	 the	 standard	 Weyl	 point	 characters	 such	 as	 the	 associated	 topological	
charges12,	13	and	robustness	against	variation	of	the	parameters7.	In	this	work,	we	replace	two	
wave	 vector	 components	 with	 two	 independent	 geometric	 parameters	 (which	 form	 a	
parameter	 space)	 in	 the	Weyl	Hamiltonian,	 and	our	design	 can	be	 realized	with	 simple	1D	
photonic	crystals	(PCs).	 	
	
We	 shall	 see	 that	 the	 reflection	 phase	 of	 a	 truncated	 PC	 exhibits	 vortex	 structure26	 in	 the	
parameter	space	around	a	synthetic	Weyl	point.	These	vortexes	carry	the	same	topological	
charges	as	the	corresponding	Weyl	points.	The	reflection	phase	along	any	loop	in	parameter	
space	 encircling	 the	 center	 of	 the	 vortex	 (also	 the	 position	 of	 the	 Weyl	 point)	 varies	
continuously	from	  	 to	  .	This	property	guarantees	the	existence	of	interface	states	in	
the	 boundary	 separating	 the	 PC	 and	 a	gapped	material	 such	 as	 a	 reflecting	 substrate	 27,	28	
independent	of	 the	properties	of	 the	 substrate.	These	 interface	 states	 connect	Weyl	points	
with	opposite	charges	or	extend	from	one	Weyl	point	to	the	boundary	of	the	parameter	space,	
which	can	be	regarded	as	analogues	of	chiral	edge	states	in	Weyl	semimetal4,	6,	17.	Meanwhile,	
we	also	observe	the	topological	transition7	by	varying	an	additional	parameter	of	the	PCs.	 	
	
To	illustrate	the	idea	of	synthetic	Weyl	points	in	generalized	parameter	space,	we	consider	a	
one-dimensional	(1D)	PC	consisting	of	4	layers	per	unit	cell,	as	shown	in	the	inset	in	Fig.	1a.	
In	our	experiments,	the	first	and	third	layers	(blue)	are	made	of	HfO2	with	refractive	index	 an
=2.00,	 and	 the	 second	 and	 forth	 layers	 (red)	 are	 SiO2	 with	 refractive	 index	 bn 	=1.45.	 The	
thickness	of	each	layer	is	given	by:	
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where	we	define	two	parameters,	 p 	 and	 q ,	which	both	belong	to	[-1,1].	In	the	experiments,	
we	choose	 0.323ad um ,	 0.240bd um .	The	total	optical	length	 L 	 inside	the	unit	cell	is	
a	constant	 2( )a a b bn d n d 	 for	the	whole	 p q 	 space	as	sketched	in	Fig.	1a.	The	structural	
parameters p 	 and	 q 	,	 together	with	 one	Bloch	wave	 vector	 k 	 construct	 a	 3D	 parameter	
space	in	which	we	study	the	Weyl	physics.	 	
	
Let	us	start	with	the	PCs	with	only	two	layers	inside	each	unit	cell,	say,	HfO2	with	thickness	
ad ,	and	SiO2	with	thickness	 bd .	The	band	dispersion	is	plotted	in	Fig.	1b	in	red.	A	four-layer	
PC	with	parameters	 0p  	 and	 0q  	 just	doubles	the	length	of	each	unit	cell	and	folds	the	
Brillouin	zone.	The	dispersion	of	this	four-layer	PC	is	shown	in	Fig.	1b	in	blue.	Such	artificial	
band	 folding	 gives	 us	 a	 linear	 cross	 along	 the	wavevector	 direction.	 Away	 from	 the	 point	
0p  	 and	 0q  ,	the	degeneracy	introduced	by	the	band	folding	is	lifted	and	a	band	gap	
emerges.	 Fig.	 1c	 shows	 the	 band	 dispersions	 in	 the	 p q 		 space	 with	 00.5k k 	,	 here	
0 / ( )a bk d d  	 .	Two	bands	form	a	conical	intersection	indicating	that	band	dispersion	is	
linear	along	all	the	directions.	To	characterize	this	point,	we	derive	an	effective	Hamiltonian	
for	parameters	around	this	degenerate	point	(see	Supplementary	Material	Sec.	I):	 	
1 2 3 4 5x y x y k zH c p c p c q c q c          ,	 	 	 	 	 (2)	
where	 0 0( 0.5 ) /k k k k   ,	 1 0.057c  	,	 2 0.091c  	,	 3 0.079c  	,	 4 0.050c   		 and	
5 1.956c  .	This	Hamiltonian	possesses	a	standard	Weyl	Hamiltonian	form	and	is	located	at	
   0, , 0,0,0.5p q k k 	 with	“charge”	-1	according	to	the	usual	definition.	The	topological	
charge	of	this	Weyl	point	can	also	be	numerically	verified.	Here	we	adapt	the	method	in	ref	5	
to	 calculate	 the	Weyl	 point	 charge.	 As	 shown	 in	 the	 inset	 in	Fig.	 1d,	 the	Berry	 phases	 are	
defined	on	a	spherical	surface	with	 fixed	azimuthal	angle 	 (red	circle).	We	then	track	the	
evolution	of	the	Berry	phases	as	functions	of	  ,	as	shown	in	Fig.	1d.	According	to	Fig.	1d,	the	
Chern	number	for	the	lower	band	is	-1,	while	+1	for	the	upper	band,	indicating	the	charge	of	
the	Weyl	point	here	is	-1,	which	is	consistent	with	the	effective	Hamiltonian.	(Please	refer	to	
Supplementary	Material	Sec.	II	for	more	details).	 	
	
	
In	addition	to	the	Weyl	point	constructed	above,	we	also	find	Weyl	points	on	higher	bands	and	
at	different	positions	 in	the	parameter	space.	 In	Fig.	2,	we	show	all	 the	Weyl	points	on	the	
lower	 five	 bands	 at	 either	 00.5k k 		 or	 0k  	,	 and	 the	 inserts	mark	 the	 locations	 and	
charges	of	these	Weyl	points.	The	Weyl	point	between	band	1,	the	lowest	band,	and	band	2	
(Fig.	2a)	with	charge	-1	has	already	been	discussed	above.	There	are	two	Weyl	points	with	
charge	-1	between	band	2	and	band	3.	Weyl	points	with	charge	+1	appear	on	higher	bands.	
Our	system	possesses	the	symmetry	      , , , , , ,p q x p q x p q x        ,	where	ߝ	is	
the	permittivity	and	ݔ	represents	the	real	space	position.	This	symmetry	requires	that	once	
there	 is	a	Weyl	point	at	  0 0,p q 	 at	a	particular	 frequency,	there	are	other	Weyl	points	at	
 0 0,p q 	,	  0 0,p q 		 and  0 0,p q  	,	 and	 these	 Weyl	 points	 all	 possess	 the	 same	
topological	charge.	We	note	that	while	the	total	charges	of	Weyl	points	must	vanish	in	periodic	
systems29,	such	constraint	does	not	apply	here	as	the	parameter	space	is	not	closed12.	 	
	
We	then	consider	the	reflection	phase	of	a	normal	incident	wave	when	the	PC	is	semi-infinite.	
When	the	working	frequency	of	the	incident	wave	is	chosen	to	be	the	frequency	of	the	Weyl	
point	(between	band	1	and	band	2),	except	for	the	 0p q  	 point,	the	working	frequency	
is	 inside	 the	 bandgap	 for	 all	 other	p	 and	q	 values.	Hence	 the	 reflection	 coefficient	 can	 be	
written	as	 ir e ,	with	  	 being	a	function	of	 p 	 and	 q .	In	Fig.	3a,	we	show	the	reflection	
phase	in	the	whole	 p q 	 space,	where	the	truncation	boundary	is	at	the	center	of	the	first	
layer.	The	reflection	phase	distribution	shows	a	vortex	structure,	with	the	Weyl	point	located	
at	 the	vortex	center.	Gray	arrows	 in	Fig.	3a	denote	the	direction	of	 the	phase	gradient.	The	
topological	charge	of	this	vortex	is	given	by	the	winding	number	of	the	phase	gradient,	which	
is	the	same	as	that	of	the	Weyl	point.	To	elaborate	more	on	this	point,	we	choose	two	loops:	
one	encircles	the	Weyl	point	(white	circle	in	Fig.	3a),	and	the	other	do	not	(black	circle	in	Fig.	
3a).	The	reflection	phases	along	these	two	loops	are	plotted	in	Fig.	3b	with	the	blue	and	red	
curves,	respectively.	The	reflection	phase	along	the	white	loop	in	Fig.	3a	decreases	with	the	
polar	angle	  ,	and	picks	up	a	total	change	of	 2 	 after	each	circling.	Similarly,	if	the	charge	
of	the	Weyl	point	is	+1,	then	the	total	phase	change	is	 2 	 for	each	circling.	A	proof	with	the	
effective	Hamiltonian	can	be	found	in	the	Supplementary	Material	Sec.	III.	The	reflection	phase	
along	the	black	circle	in	Fig.	3a	picks	up	a	zero	total	change	along	each	loop.	We	emphasis	that	
the	vortex	structure	and	the	charge	of	the	vortex	are	independent	of	the	position	where	we	
truncate	the	PCs.	(See	the	Supplementary	Material	Sec.	III)	
	
The	vortex	structure	guarantees	the	existence	of	interface	states	between	the	PCs	with	Weyl	
points	and	reflecting	substrates	independent	of	the	properties	of	the	substrate.	The	existence	
of	surface	states	is	given	by	 	
PC S 2m    ,	 m,	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (3)	
where	 PC 	 and	 S 	 represent	the	reflection	phases	of	the	PC	and	the	reflecting	substrate,	
respectively.	 As	 the	 reflection	 phase	 on	 the	 loop	 circling	 the	Weyl	 point	 covers	 the	whole	
region	  ,  ,	no	matter	what	the	reflection	phase	of	the	reflecting	substrate	is,	Eq.	(3)	can	
always	be	satisfied	at	one	polar	angle.	If	we	consider	loops	with	different	radii,	then	the	surface	
states	 form	 a	 continuous	 trajectory	 that	 begins	 from	 the	Weyl	 point.	 The	 trajectory	 of	 the	
surface	states	ends	either	at	another	Weyl	point	with	opposite	charge	or	the	boundary	of	the	
parameter	space.	The	behavior	of	surface	states	connecting	Weyl	points	with	opposite	charges	
is	similar	to	the	Fermi	arc	2,	3,	16,	17	in	Weyl	semimetals.	The	most	prominent	character	of	Weyl	
semimetals	is	perhaps	the	existence	of	the	Fermi	arc	surface	states	connect	two	Weyl	points	
with	opposite	charges.	There	is	however	a	difference:	the	Fermi	arc	starts	and	ends	with	Weyl	
points	in	periodic	system,	while	the	surface	states	in	our	system	can	connect	Weyl	points	with	
the	boundary	of	 the	parameter	 space	due	 to	 the	non-vanishing	of	 total	 charge	of	 the	Weyl	
points	inside	the	parameter	space.	As	an	example,	here	we	consider	the	Weyl	points	on	the	
fourth	and	fifth	bands	as	shown	in	Fig.	2d.	There	are	in	total	8	Weyl	points:	6	Weyl	points	with	
charge	-1	and	the	remaining	2	with	charge	+1.	As	our	system	possesses	no	external	symmetry	
which	can	relate	two	Weyl	points	with	opposite	charges,	the	frequency	of	the	Weyl	point	with	
positive	 charge	 is	higher	 than	 that	of	 the	Weyl	points	with	negative	 charge.	We	choose	 the	
working	frequency	to	be	at	the	frequency	of	the	Weyl	point	with	a	positive	charge	(303THz)	
and	the	PCs	are	truncated	at	 the	center	of	 the	 first	 layer.	 In	Fig.	4a,	we	show	the	reflection	
phase	in	the	parameter	space,	where	gray	areas	within	black	dashed	lines	mark	the	regions	of	
the	bulk	band.	If	the	truncated	PCs	are	coated	with	silver	films,	then	there	exist	interface	states	
which	satisfy	Eq.	(3).	The	reflection	phase	of	silver	is	measured	to	be	 0.95 	 at	303THz.	
White	dashed	lines	in	Fig.	4a	shows	the	trajectories	of	surface	states.	Indeed	besides	surface	
states	 connecting	Weyl	 points	with	 different	 charges,	 there	 are	 also	 trajectories	 of	 surface	
states	terminated	at	the	boundary	of	our	parameter	space.	We	also	perform	experiments	to	
verify	the	results,	we	choose	four	points	(positions	marked	with	cyan	triangles	in	Fig.	4a)	to	
experimentally	demonstrate	the	existence	of	the	surface	states	,	with	samples	consist	of	ten	
periods,	and	the	results	are	shown	in	Fig.	4b	with	red	crosses,	which	matches	well	with	the	
numerical	data	(cyan	dashed	line)	.	We	emphasize	here	that	the	existence	of	surface	states	is	
“robust”	 to	 the	 property	 of	 the	 reflecting	 substrates:	 we	 can	 always	 find	 trajectories	 of	
interface	 states	 that	 link	 the	 two	Weyl	 points	 with	 opposite	 charges	 no	 matter	 what	 the	
reflecting	substrate	is.	 	
	
We	can	also	define	other	parameters	 to	extend	 to	higher	dimensions,	 and	 such	extensions	
enable	the	studies	of	phenomena	which	exist	only	in	higher	dimension	spaces24.	As	an	example,	
we	can	define	another	parameter	“R”	as	ratio	  /a a a a b bR n d n d n d  ,	which	belongs	(0,	1).	
With	 the	 variation	 of	 this	 parameter,	 we	 now	 observe	 topological	 transitions	 of	 the	 band	
structures.	In	Fig.	5,	we	show	the	dispersion	of	the	fourth	and	fifth	bands	gap	with	 0k  	 for	
different	 values	 of R 	.	 Insets	 show	 the	 positions	 of	 the	 Weyl	 points	 (black	 circles)	 and	
degenerate	lines	(dashed	lines).	When	the	R	=	0.25	(Fig.	5c),	0.5	(Fig.	5e)	and	0.75	(Fig.	5g),	
there	exist	only	the	degenerate	lines,	which	act	as	analogues	of	the	nodal	lines	in	semimetal30.	
These	nodal	lines	act	as	topological	transition	points	between	configurations	with	different	
Weyl	points.	Though	the	net	charge	does	not	vanish,	the	total	charge	in	the	parameter	space	
keeps	constant.	 	
	
In	 summary,	we	 show	 the	 existence	of	Weyl	points	 in	 the	parameter	 space.	 In	 the	 specific	
example	of	dielectric	superlattices,	the	reflection	phase	of	the	semi-infinite	multilayered	PC	
shows	 a	 vortex	 structure	 with	 the	 same	 topological	 charge	 as	 the	 synthetic	 Weyl	 points	
defined	in	the	parameter	space,	and	such	character	guarantees	the	existence	of	interface	states.	
We	emphasize	that	in	general,	interface	states	may	or	may	not	exist	in	the	boundary	between	
a	1D	PC	and	a	reflecting	substrate,	and	the	Weyl	points	here	provide	us	a	deterministic	scheme	
to	construct	boundary	modes	between	multi-layered	PCs	and	reflecting	substrates	of	arbitrary	
reflection	phases28.	We	further	note	that	the	topological	notions	works	in	high	frequency	gaps	
where	the	PCs	cannot	be	described	by	the	effective	medium	theory.	This	work	will	also	pave	a	
new	direction	to	explore	the	physics	in	topological	theory	in	higher	dimensions24.	In	addition,	
the	reflection	phase	vortex	gives	a	flexible	way	to	manipulate	the	electromagnetic	wave,	such	
as	 generating	 vortex	 beam	 and	 controlling	 the	 reflection	 direction.	With	more	 parameters	
involved,	we	can	also	construct	Weyl	points	with	higher	charge13,	19,	31.	
	
Method Section 
Sample fabrication. The	PCs	are	 fabricated	by	Electron	Beam	Evaporation	on	the	substrate	
made	of	K9	glass.	Before	evaporation,	we	use	an	acid	solution	to	clean	the	substrate.	During	
the	evaporation,	the	pressure	in	the	chamber	is	kept	below	 32 10 	 Pa,	and	the	temperature	
is	maintained	at	90℃.	The	silver	film	is	fabricated	by	ion	beam	sputtering，the	thickness	is	
controlled	at	about	20nm	after	sputtering	for	2.5min.	The thickness uncertainty of each layer in 
the fabrication is below 10nm for all the PCs., The number of unit cells are 10, and 0.323ad um  
and 0.240bd um  are fixed for the 4 PCs in Fig. 4b. The thickness of layers for these 4 PCs are 
given by  ,p q  =  0.50,0.26 ,  0.56,0.30 ,  0.70,0.38  and  0.78,0.36  
respectively.  
	 	
Figures 
	
Figure 1 | Realizations of Weyl points in the parameter space. a, Photonic crystals (PCs) with 
different ,p q  values. The ,p q  form a parameter space. The inset shows an example of one 
unit cell, where the first and the third layers are made of HfO2 (blue), and the second and the forth 
layers are made of SiO2 (red), the thickness of each layer depends on the position in the p q  
parameter space. b, The band dispersion of PCs with different unit cells, red color for a PC with 
only two layers, and blue color for a PC which just doubles the unit cell used for the red line. Here 
0.323ad um  and 0.240bd um . c, The dispersion of PCs in the p q  space with k=0.5 0k . 
Here two bands form a conical intersection. b and c together show that the band dispersions are 
linear along all the directions around the degeneracy point, indicating that it is an analogue of Weyl 
point. d, Berry phases defined on the spherical surface with fixed   (see the inset), where blue 
and red represent Berry phases on the lower and the upper band, respectively. The radius of the 
sphere is 0.001. 
 
 
	
	
Figure 2 | The band dispersions in the parameter space at different k points. a and c, the band 
dispersions of the lowest four bands at k= 00.5k . b and d, the band dispersions of band 2 to band 5 
at k=0. The conical intersections in a-d all correspond to Weyl points with positions and charges 
(“+” for charge +1, “-” for charge -1) marked in the insets, in which the dashed lines denote p=0 or 
q=0. Here we use the same parameters as those in Fig. 1. 
 
 	
Figure 3 | The reflection phase in the p q  space. a, The reflection phase in the p q  space at 
the frequency of the Weyl point in Fig. 1. The gray arrows denote the directions of the reflection 
phase gradient. The reflection phase shows a vortex structure with charge -1. The white and black 
circles mark two paths along which the reflection phases are shown in b with the blue and red curves, 
respectively. The radii of these two circles are 0.3. The white circle centers at ( , ) (0 , 0)p q  , 
while the black circle centers at ( , ) (0.2 , 0.5)p q  . Here we use the same parameters as those 
in Fig. 1. 
 
 
		
Figure 4 | The ‘Fermi arc’ in the parameter space. a, The reflection phase of the PCs at the 
frequency of Weyl points with charge +1 with its dispersion shown in Fig. 2d. The gray regions 
encircled by the dashed black lines represent the bulk band regions at the working frequency. The 
white dashed lines show the trajectories of the interface states of a system consisting of a semi-
infinite PC coated by a silver film, where the semi-infinite PC is truncated at the center of the first 
layer. These surface state trajectories are analogues of Fermi arc states. The triangles mark the p , 
q  values of the four samples in the experiment. b, The cyan line represents the working frequency 
used in a, and the red crosses label the experimental results, the gray region mark the projection of 
the bulk band as a function of q . The number of unit cells are 10, and 0.323ad um  and 
0.240bd um  are fixed for the 4 PCs in b. The thickness of layers for these 4 PCs are given by 
 ,p q  =  0.50,0.26 ,  0.56,0.30 ,  0.70,0.38  and  0.78,0.36  respectively. 
 
 
	Figure 5 | Topological transitions occur as we change the parameter Ratio defined in text. a-i, 
The band structures of band 4 and band 5 with different Ratios at k=0. Insets show the positions of 
the Weyl points (“+” for positive charge and “-” for negative charge) and “nodal lines” (black 
dashed lines). 
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